The nerve endings of muscle fibers were first described independently in 1836 by E m m e r t and Valentin e, and these reports were followed by many works concerning the various aspects of the neuromuscular junction (for details, refer to Zack s' mono-
graph, '64 or C o u t e a u x's review, '60).
Since the works of Dale ('14, '36 ) and L o e w i ('21, '26a, b) , it has been recognized that acetylcholine plays an important role in the -nervous system , and much attention has been paid to cholinesterase, which is intimately involved in the metabolism of acetylcholine. Part of the vast amount of biochemical research concerning cholinesterase involved many experiments designed to localize its activity in situ. Various substrates were utilized, but among them acetylthiocholine seemed to be the best suited (R e n s h a w et al., '38 ; Koelle and Friedenwald, '49) . C out eaux and Nachmansohn ('38) concluded from their degeneration experiments that the high cholinesterase activity is mainly located within the subneural sarcoplasm at the level of the post-synaptic membrane itself. These structural details, however, are beyond the limits of the light microscope, and the electron micro. scope is indispensable in resolving their convolutions. In fact, the electron microscope has been responsible for many significant contributions to the clarification of this structure (R o b e r t so n, '56 ; '59; Birks et al., '60) . Cytochemical techniques for the determination of cholinesterase activity were combined with electron microscope observation at the iieuromuscular junction by Lehrer and Ornstein ('59), Zack s and Blumberg ('61a) and B a r r n et t ('62) . These works tried to localize this enzyme using alpha-naphthyl acetate or thiolacetic acid as substrate.
Hank e r et al. ('64) synthesized new compounds
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Several problems, however, such as substrate specificity, diffusion artifact and morphological preservation remained. In this paper, it is intended to examine the cytochemical localization of this enzyme by the modified thiocholine method at a pH approximately neutral.
Materials and Methods
Adult albino rats were anesthetized with ether and the intercostal muscle, with ribs attached, were removed and transferred to an ice-cold solution of either 6.5 per cent glutaraldehyde (S a b a t i n i et -al., '62, '63) or 4 per cent formaldehyde (H o 1 t and Hick s, '61a) buffered with 0.1 M. cacodylate at pH 7.3. The tissue remained for two hours in the former solution or 24 hours in the latter. During the prefixation, muscle was cut from the ribs into small blocks approximately 3 mm. square.
These muscle blocks were then thoroughly washed with 0.1 M. cacodylate buffer at pH 7.3 and maintained in this buffer from 30 minutes to 24 hours for subsequent procedures.
Frozen sections of 50it thickness were made and transferred to the incubation mixture.
The principle ingredients of the incubation mixture were acetylthiocholine iodide, lead nitrate, and 0.1 M. cacodylate buffer at pH 7.3 ; 10 mg. of acetylthiocholine iodide was first dissolved in a few drops of distilled water and 20 ml. of the buffer, at 0°C, was added. 10 mg. of lead nitrate, which had been dissolved in 2 per cent aqueous solution, was added dropwise with constant stirring.
Occasionally the solution became somewhat turbid following the addition of lead nitrate, in which case it had to be filtered before use. Consequently, it would seem better to process all stages near 0°C in order to obtain a clear solution from the start.
5 to 10 minutes incubation of the preparations resulted in adequate reaction at the light microscope level, but at electron microscope level a reaction was obtained which was too intense to observe fine structural detail at the surface of the 501a sections, while the interior showed no signs of reaction at all. Consequently, in the experiments for total cholinesterase, two techniques were used to retard the reaction velocity while at the same time obtaining better penetration of reagents 1 per cent formaldehyde was added to the incubation mixture as described by Holt and Hicks ('61b) for acid phosphatase and secondly, the pH of the buffer was reduced to 6.3.
As for specific cholinesterase, the sections were first immersed in the 10-6 M. DFP, buffered with 0.1 M. cacodylate at pH 7.3 for 30 minutes, and then incubated in the previously described mixture, but adding the same concentration of DFP instead of formaldehyde. During the incubation, some sections were periodically removed from the mixture, developed in a dilute yellow ammonium sulfide solution, briefly washed in distilled water, and the intensity of the reaction checked under the light microscope.
The incubation was continued several minutes after the moderate reaction products were first observed ( Figs. 1 and 2 ). 40-50 minutes were required to obtain the adequate reaction of total or specific cholinesterase.
Cytochemical controls were also carried out by the same procedures except that 10-4 M. DFP was substituted for 10-6 M. DFP in the case of specific cholinesterase.
The sections were then directly transferred to 1 per cent osmium tetroxide in 0.1 M. cacodylate buffer at pH 7.3 to stop the reaction and to obtain adequate morphological preservation.
After 30 minutes post-fixation, the sections were dehydrated in increasing concentrations of acetone and embedded in Epon 812 (L u f t, '61). Light microscope examination of the sections just prior to embedding showed brown precipitates at the reaction sites. These precipitates are perhaps due to photoreduction of white lead thiocholine into PbS or Pb (B r o w n, '61). As a result, the stained neuromuscular junctions in the blocks could be seen as black spots under the dissection microscope.
However, it was sometimes difficult to differentiate them from small nerve bundles which also stained black on osmification. The blocks were trimmed, using the dissection microscope, in such a way that the neuromuscular junctions were on the cutting surface. 1p thick sections were made from the blocks with the Porte r-B 1 u m microtome ('53) equipped with a glass knife.
When a suitable neuromuscular junction was found on a section, with or without 1 per cent toluidin blue staining, the block was further trimmed to cut the adjacent thin sections for the electron microscope. Though sections treated in 10-4 M. DFP for cytochemical controls did not demonstrate the neuromuscular junction, localization was possible because of the regularity in their arrangement and because of the relationship to the small nerve bundles blackened by 0s04. For morphological controls, the small muscle blocks were fixed in Mill o n i g's fixative ('62) for 2 hours, dehydrated in acetone and embedded in Epon 812. All the sections were lightly stained with lead (M illoni g, '61) and examined through the Hitachi HS-6 electron microscope at a direct magnification of from 3,000 to 15,000.
Results
Before discussing the cytochemical results, the fine structure of the neuromuscular junction of the rat's intercostal muscle must be described briefly. Fig. 3 shows the cross section of a neuromuscular junction.
The nerve terminal accompanied by a teloglia is located in the trough formed by primary and secondary synaptic clefts on the muscle surface membrane.
In axon terminals, one can observe a smooth-surfaced tubular system, as well as accumulation of mitochondria and synaptic vesicles.
Although the tubular system was not examined serially, it might well differ from the X components of An der s s o n-C e der g r en ('59). The existence of neurofilaments in this region had been suspected by many workers (R o b e r t so n, '56 ; Ander s so n-C edergre n , '59), but in this experiment neurofilaments seem to have been actually demonstrated, as shown in Figs. 5, 6 and 8. In Figs. 5 and 6 they run in the form of a bundle, separating the axon terminal into two regions, while Fig. 8 shows them running at random.
These filaments are not recognized in every section.
In the sarcoplasm, facing the axon terminal, nuclei, mitochondria, endoplasmic reticulum, vesicles of varying size, and small dense particles of approximately 200A are observed. In addition, several dense granules of about 1,000A are occasionally encountered near the synaptic clefts. Most of the granules are of homogeneous density, but some have an apparent core with a membranous envelope (Figs. 4 and 7).
Between the axon terminal and the sole-plate there exist primary and secondary synaptic clefts which are filled with a basement membrane-like substance.
Although we could not differentiate five distinct. layers in this substance, as reported by Robertson('56), its structure is not homogeneous.
Were it a highly hydrated gel, its appearance might vary with the method of preparation.
The neuromuscular junctions have been examined histochemically by various methods at the light microscope level. In this report the activity of total cholinesterase, determined by using sections of 50it and 20p thickness, is shown in Figs. 1 and 2. The thick sections showed only the contuor of the junction, while thin sections suggested the subneural apparatus with profuse infoldings . These findings are in complete agreement with those of other investigators (D e n z , '53 ; C o u t ea u x, '55). With toluidine blue staining , many components were distinguished on the sections which were obtained from the block Cholinesterase at the Neuromuscular Junction 331 without development in the yellow ammonium sulfide solution.
Myelinated nerve fibers were frequently observed in small bundles near a junction, and helped in seeking out unreacted junctions. The fine localization of the total cholinesterase of neuromuscularjunctions is shown in Figs. 5 through 10, the preparations of which. were incubated in the mixture containing 1 per cent formalin.
The reaction products are localized in primary and secondary synaptic, clefts.
Almost all the clefts are diffusely filled with precipitate in., Figs. 5, 6 and 10, which are longitudinal, tangential, and transverse sections respectively.
The tangential section through the nerve terminal and subneural apparatus is illustrated in Fig. 6 , where, owing to precipitates, secondary synaptic clefts are easily observed, dividing. and anastomosing.
A relatively large portion of a junction can be. seen in Fig. 8 . Four dense lines are observed in a cleft (arrow),. while in the others the reaction is less dense at the center.
The. reaction products were distributed homogeneously, partially, and not at all in the various clefts. Figs. 9 and 10 were obtained from thesame block.
The superficial portion indicates heavily precipitated clefts, while the inner portion, slightly precipitated ones. The myelinated nerve fibers passing through muscles have no reaction products at all following incubation for 50 minutes (Fig.  13) . Also, no reaction is observed in teloglial cells, any components of axoplasm and sarcoplasm, or in the extracellular space between. the teloglial cell and nerve terminals.
The sections incubated at pH 6.3 show the same cytochemical results as mentioned above, but morphological preservation is not as good as at pH 7.3. Some mitochondria are destroyed and the appearance of the structure as a whole is rather coarse (Fig. 12 ). As for specific cholinesterase, the results are also the same (Fig.  11) . In this experiment it was not tried to demonstrate non-specific cholinesterase alone, but feel it would be located in the same sites as specific cholinesterase, since the activity of both specific cholinesterase. and total cholinesterase was found to occur together. The preparation which was treated with 10-4 M. DFP as cytochemical control revealed almost no reaction (Fig. 14) . Therefore, it may be concluded that the precipitates did indeed result from the action of cholinesterase activity.
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Discussion
The fine structures of neuromuscular junctions observed in this experiment, while essentially similar to those reported previously by many investigators (P alad e, '54 ; Rege r, '55 ; R ober tso n, '56; Andersson-Cedergren, '59; Birks et al., '60), differed in several respects.
As regards neurofilaments, no description appeared in the early studies (Beams and Evans, '53; Palade, '54; Robertson, '54 ; R e g e r , '54, '55). Robertson ('56) did not recognize them in the axon terminal of osmium-fixed chameleon muscle, and speculated that they converted into tubular bodies which appear vesicular on cross section. An der s s o n-C e der g r e n ('59) examined neuromuscular junctions of white mice serially and described three-dimensional structures in detail, but failed to recognize the filaments in this region.
Subsequently, however, Birks et al. ('60) observed _neurofilaments separating the vesicular region from the rest of the axon terminal in osmicated frog muscle.
Z a c k s ('64) described fine filaments lying in close proximity to synaptic vesicles clustered in the axon terminal of the mouse motor endplate, demonstrated by perfusion with 6 per cent glutaraldehyde or glutaraldehyde mixtures containing potassium bichromate, followed by osmification..
He stressed the necessity for perfusion fixation for the successful demonstration of the fine, neurofilament-like structures. In this experiment, the neurofilaments were distinctly observed in some nerve terminals : some filaments ran in a bundle as reported by Birks et al. ('60) , while others distributed in different directions. These findings might suggest that the filaments were convoluted in groups in this region.
Difficulties in preservation might explain why the axoplasmic filaments were recognized less constantly than synaptic vesicles and mitochondria in nerve terminals within the _neuromuscular junction .
In the sarcoplasm of sole-plates, dense granules measuring about 1,000A were occasionally observed . Most were homogeneous, but some had an apparent core which was enveloped by a thin membrane . The nature and function of these granules remain unclear .
As for the histochemical detection of esterases , this was carried out by G o m o r i ('45 , '48), using tween and long-chain fatty acid -esters as substrate . He noticed, however, that the sites of cholin--esterase activity differed slightly according to the substrate used . The -rate of h ydrolysis dropped so rapidly with increasing chain length of fatty acid in the substrate that incubation had to be carried out for 6 hours at 37°C by myristoyl choline.
Furthermore, it was indicated that specific cholinesterase failed to hydrolyse the myristoyl ester (P ears e, '61). Obviously, further improvement of method was essential.
Using the hydrolyzing potential of specific cholinesterase for not only choline esters but acetyl esters as well, many methods for its histochemical detection have been contrived, in w hich substrates such as naphthyl acetate (L e h r e r and Or n s t e i n, '59), indoxyl acetate The most favorable substrate for specific cholinesterase would appear to be acetylthiocholine iodide, which closely resembles the natural substrate, acetylcholine.
Figs. 1 and 2 were obtained by incubating sections in the mixture containing acetylthiocholine iodide and are quite similar to those obtained by D e n z ('53) and Co Li t e a u x ('55), as previously described.
With electron microscopy, Lehrer and Ornstein ('59), using alpha-naphthyl acetate and hexazonium pararosaniline, found activity at the neuromuscular junction, but the density of reaction products was too weak to permit clear observation, and incubation had to be carried out for 6 hours at 0°C. Such a long incubation period seems to be undesirable in cytochemistry.
Zack s and Blumberg ('61a) and B a r r net t ('62) modified the thiolacetic acid method for electron microscope cytochemistry and observed dense reaction products at the neuromuscular junction. K a r no v s k y ('63, '64), however, reported . thiolacetic acid can be split by an organophosphate-resistant nonspecific esterase as well.
The necessity of utilizing a substrate specific for specific cholinesterase should be reemphasized, especially when the activity is determined with the electron microscope.
Birks and Br o w n ('60) and Br o w n ('61) attempted to localize specific cholinesterase by the thiocholine method and found that copper. glycinate has a harmful effect on tissue protein.
The omission of glycine and the replacement of copper sulfate by silver nitrate or sulfate improved preservation of tissue to a large extent, but diffusion artifacts were still 336 Takashi Iwayama apparent. Nevertheless, these results demonstrated the potential of the thiocholine method in electron microscope cytochemistry.
Early cytochemical researches were carried out using small blocks, but recently the employment of thin sections has been emphasized.
In this experiment, frozen sections of about 501fe were nade and then incubated.
Reaction products were localized within synaptic clefts without any diffusion artifacts, but a difference of reaction intensity was observed between the inner and the outer region of 50p section.
Some neuromuscular junctions showed partially reacted clefts together with reacted and non-reacted ones. This might indicate that acetylthiocholine iodide, which is a quaternary ammonium compound and has a charged group, could not penetrate the 50p sections equally, while lead nitrate has been proved to penetrate rather well (H o 1 t and Hick s, '61b).
Prefixation with formaldehyde or glutaraldehyde inactivated a large portion of specific cholinesterase, but sufficient activity persisted to be demonstrable cytochemically (S a b a t i n i et al., '62, '63). Excellent histochemical results could be obtained even with up to 90 per cent of the enzyme destroyed in the course of manipulation (G o m o r i, '52), while at the same time it must be taken into consideration that the sites of low enzyme concentration may drop below the threshold of sensitivity.
In most methods utilizing thiocholine, incubation is carried out at 37°C and the pH of incubation mixtures adjusted to below 6. This pH is far below the optimum of the specific cholinesterase, which is in the range of 8.6 to 9.0, and the lower the pH, the lower the activity of specific cholinesterase (H eilbr on n, '54). Le w is ('61) demonstrated that as the pH is reduced the incubation period must be increased by a factor of approximately two for a fall in pH of 0.3-0.5. On the whole, incubation in conditions less than optimum for the enzyme will give excellent histochemical results, since this way the rate of enzymatic hydrolysis does not exceed the rate of capture reaction.
In this experiment, the incubation mixture was adjusted to pH 7.3, but the incubation was carried out at 0°C. The low temperature, of course, affected the rate of the reaction, but could not sufficiently reduce the activity.
Thus 1 per cent formaldehyde was added to the incubation mixture in order to further decrease velocity of enzymatic hydrolysis.
Formaldehyde serves not only for the reduction of the reaction velocity, but also for the preservation of morphological structures during incubation for as long as 40 minutes (H o 1 t and Hick s, '61b). This prolongation of the incubation period wonld be of great use in causing the substrate, which has a charged cationic group, to adequately penetrate the tissue.
On the other hand, some sections were incubated at pH 6.3 in order to observe the pH effect on the cytochemical results.
There was essentially no difference at the different pH levels, except for better preservation of morphological detail at pH 7.3. To differentiate specific cholinesterase from total cholinesterase, DFP was used at a concentration of 10-6 M. This concentration of DFP was freshly prepared, within 30 minutes of use, from 0.1 per cent DFP solution in polyethylene glycol 400 kept in 1 cc ampules. Incubation in 10-6 M. DFP for 30 minutes completely inactivated non-specific cholinesterase, and as much as 50 per cent of specific cholinesterase (H olmstedt and S j o q v i s t, '61). This inactivation also prolonged the incubation period up to 40 minutes, and the results obtained were approximately the same as for total cholinesterase.
The present experiment did not attempt to examine the nonspecific cholinesterase activity alone, but if it exists, it should occur at the same sites as specific cholinesterase, since activity of both specific and total cholinesterase was found together. It was shown that the dense precipitates which appeared in the above experiments resulted from the activity of cholinesterase, since the cytochemical controls treated in 10-4 M. DFP revealed no reaction products at all. S a v a y and Csillk ('58) reported that lead-reactive substances of small molecular weight had the same cytological localization as cholinesterase under the light microscope, but the attempt of Z a c k s and Blumberg (61b) to stain these substances with lead was unsuccessful at the electron microscope level.
The composition of the incubation mixture in this experiment was determined empirically and gave good results, but it might be modified when applied to other tissues containing less activity than the neuromuscular junction. Lehr e r and Ornstein ('59) concluded, using their diazo coupling method, that enzyme activity was located at the extracellular periphery of the plasma membrane of both muscle and axon terminal, or entirely within the space between these membranes. Zacks and Blumberg ('61a) observed the activity within synaptic clefts and postulated that a basement membrane-like material was responsible.
B a r r nett ('62) reported that reaction products were deposited on the plasma membrane of both muscle and axon terminal in the neuromuscular junction, as well as on the material in primary and secondary synaptic clefts. In addition to these locations, activity was found within axonal and sarcoplasmic mitochondria by z a c k s and Blumberg ('61a), within vesicular structures in the terminal axoplasm by B a r r n e t t ('62) and in the space between the axonal and teloglial plasma membrane by Lehr e r and 0 r nstein ('59). According to the present method, however, reaction products were observed exclusively within the synaptic clefts. It should be reemphasized, however, that the cytochemical approach may not always demonstrate all the sites of enzyme activity.
Summary
The cholinesterase activity at the neuromuscular junction of the rat's intercostal muscle was studied using the electron microscope with a modified thiocholine method.
Both specific and total cholinesterases were observed only in the primary and secondary synaptic clefts, and none in the axon terminal and in the muscle sole-plate. In general, the reaction in the clefts appeared equally strong, but in some cases, the reaction in the central portions of the clefts was weaker than on the structures neighboring the plasma membrane. Problems concerning cytochemical procedures and morphological features were discussed. Note dense granules about 1,000A in the sarcoplasm adjacent to the axon terminal. Some granules are homogeneous and the others have an apparent core with a membranous envelope (see Fig. 7 ). An accumulation of mitochondria and dense particles is also present in the sole-plate. DG ; dense granule. x 19,000 (Fig. 10) indicates heavily precipitated clefts, but the inner portion (Fig. 9) , slightly precipitated ones. Total cholinesterase activity. Incubated for 40 min. x 19,000 and x 50,000 respectively. Fig. 11 . The tissue was immersed in 10-6 M. DFP for 30 min and incubated in the substrate mixture in the presence of the same concentration of DFP for 40 min. Glutaraldehyde was used for prefixation at a concentration of 6.5 per cent. Specific cholinesterase activity. x 23,000 Fig. 12 . Total cholinesterase activity at pH 6.3. The tissue was prefixed in 4 per cent buffered formaldehyde pH 7.3 and incubated in the substrate mixture, the buffer of which was adjusted to pH 6.3, for 40 min. The cytochemical result is the same as at pH 7.3 but morphological preservation in not as good as at pH 7.3. x 19,000 Fig. 13 . Cross section of nerve fibers passing through muscle fibers. The tissue was incubated for 50 min. Myelinated nerve fibers show no reaction at all. Schwann's cytoplasm also shows no reaction. Total cholinesterase activity. x 8,000 
